Produced water management is a major challenge to oil and natural gas exploration and production, in particular for unconventional gas development. Rapid development of shale gas production, regulations, water scarcity, concerns of environmental impacts, and limited disposal options are driving operators to consider, plan and change their current hydraulic fracturing and produced water management methods. Development of beneficial use for various applications has become a new trend for sustainable shale gas production. Treatment and beneficial use of flowback and produced water can enhance gas recovery and economic viability of gas production. It also minimizes potential environmental impacts, reduces demands on local water supplies, and meets regulatory requirements. However, there are many factors affecting the feasibility of beneficial reuse including water quality and quantity, appropriate treatment technologies, economics, disposal options and capacities, environmental impact, and regulations. The objective of this study is to evaluate the challenges and prospect of beneficial use through review of existing studies on flowback and produced water management in major shale plays.
INTRODUCTION
Shale gas, known as natural gas production from hydrocarbon-rich shale formations, has become one of the most rapidly expanding energy resources today. According to the EIA Annual Energy Outlook Report (EIA, 2012) , shale gas production in the U.S. is projected to increase from 23% in 2010 to 49% in 2035 (Fig. 1) . Conventional oil and gas has been produced from permeable geological formations for decades, which is still playing an important role; however, the advances in directional drilling and breakthroughs in hydraulic fracturing have allowed expansion of unconventional gas production from deep and less permeable shale formations. This new gas development has brought changes and challenges to many relevant fields, including environmental issues, which is a particular concern to producers, regulators and the public. Most unconventional gas wells in both old and new plays are using hydraulic fracturing as a technique for stimulation, which involves injection of water containing additives under high pressure. After the drilling process when the pressure is released, the injected water comes out from cracks in deep shale formations, with minerals, organic matters, salts, and added chemicals, which is called flowback and produced water.
FIG. 1. Increase of shale gas production in the U.S. natural gas resources
Source: (EIA, 2012) Flowback and produced water are the largest volume byproducts associated with oil and gas exploration and production, which can either be a waste or a resource, depending on how they are managed. Current shale gas well drilling requires approximately 65,000 to 600,000 gallons of water and hydraulic fracturing requires 3,000,000 to 6,000,000 gallons of water, of which 15% to 85% flows back to the surface and becomes flowback (short-term) and produced (longterm) water, which is estimated to be in the range of 15 to 20 billion barrels (bbl) per year in the U.S. (Clark and Veil, 2009 ). Due to its highly variable quality (salts, petroleum hydrocarbons, metals, chemical additives, suspended and colloidal solids) and quantity, flowback and produced water management is significant challenge to both producers and regulators. Depending on availability, economics and regulatory requirements, currently there are four major produced water management options, including 1) deep well injection, 2) discharge to nearby surface water bodies, 3) disposal of commercial or municipal wastewater treatment facilities, 4) reuse for a future hydraulic fracturing job, with or without treatment.
Water shortage has been affecting many regions in the U.S., which also leads to water shortage challenges to oil and natural gas industry. Continuous drought in southwestern U.S. (Fig. 2) has affected oil and gas production significantly, because drilling and hydraulic fracturing operations demand substantial amount of water. Water conflicts between Barnet Shale and Eagle Ford Shale is one example of the challenges, as they share the same surface water system (Arthur, 2011) .
Beneficial reuse of flowback and produced water is in great need. In New Mexico, producers are taking flowback and produced water as a resource of water for well development because it costs much less than using freshwater for hydraulic fracturing and drilling. Further northeast, Marcellus Basin now reuses over 90% flowback and produced water for future fracturing jobs. All evidences demonstrate the urgent need to reuse flowback and produced water, as water shortage has become a critical factor for oil and gas exploration and production.
FIG. 2. US Drought Map, April 2013
Source: US Drought Monitor, 2013 There are many factors affecting the decision on beneficial use of flowback and produced water, including suitable technologies for water treatment, the specific situations of each basin, freshwater availability and location, flowback and produced water quality and quantity, and availability of commercial treatment and disposal facilities. Generally, flowback and produced water is treated with oil/water separation before any other operations. Majority of beneficial use of flowback and produced water is for future fracturing job, after mixing the treated water with freshwater to meet the injection standard; a small amount of water is treated through thermal desalination for fracturing job.
OBJECTIVE
This paper aims at understanding the challenges of flowback and produced water management in major basins by looking into detailed site conditions, and investigating the prospect of beneficial reuse of flowback and produced water.
METHODOLOGY
A comprehensive literature review was conducted for data and information collection, including peer-reviewed journal articles, white papers, conference proceedings and presentations, webpages, news release, technical reports, government documents, and data from research institutions and producers. Five major shale gas-producing basins are studied, including Marcellus, Fayetteville, Haynesville, Barnett and Eagle Ford.
RESULTS AND DISCUSSION
Considered as the largest volume of waste byproduct from shale gas industry, flowback and produced water were historically managed to be disposed rather than beneficial reuse. Management of flowback and produced water depends on a variety of factors, including the quality and quantity of wastewater, the type and location of infrastructure, the availability of injection wells and treatment facilities, regulations related to wastewater discharge and transportation, and the overall shale gas development (Rahm et al., 2013) .
In recent years, beneficial reuse of flowback and produced water has increased. This trend is driven by fresh water shortage, nationwide drought, increased fresh water demand for hydraulic fracturing, regulations and policies, environmental concerns, rapid development of unconventional gas production, and public perception. In this paper, wastewater management, treatment options and challenges are analyzed and discussed for major shale gas producing plays.
Marcellus Shale
The Marcellus Shale is the largest natural gas producing play in the U.S., and is rapidly growing in recent years, especially in Pennsylvania. New wells drilled in Pennsylvania have been rapidly increasing since 2007, when breakthrough on hydraulic fracturing techniques occurred ( Fig. 3) (Veil, 2013) . Total shale gas producing wells in Pennsylvania was 6,391 as of Oct. 10, 2013 (Amico et al., 2013) .
FIG. 3. Number of new wells drilled in Marcellus Shale from 2007 to 2011
Source: data adopted from (Veil, 2013) Along with the rapid growth of shale gas production comes an increasing amount of water demand, mainly for hydraulic fracturing, resulting in a substantial amount of flowback and produced water. Average fresh water demand for drilling a new well is 80,000 to 85,000 gallons, while hydraulic fracturing needs vary from 3,300,000 to 5,500,000 gallons, according to shale gas producers in the Marcellus Shale play. Produced water production raised from 18,104,507 bbl in 2009 to 10,720,653 bbl in the first half of 2013 (approx. 21.4 million gallon annually) (Mantell, 2011) .
Flowback and produced water quality from the Marcellus Shale is relatively well characterized by lab testing in the past few years. Flowback water coming out immediately after fracturing has a moderate to poor quality, with high total dissolved solids (TDS) at approximately 40,000 ppm to 90,000 ppm but low total suspended solids (TSS) (approx. 160 ppm) (Mantell, 2011) . Hardness varies from moderate to high concentrations. Long-term produced water also has a high TDS at over 120,000 ppm (Mantell, 2011) .
Flowback and produced water management in the Marcellus Shale region has been successful. As shown in Table 1 , compared to 2009 when reuse ratio of wastewater was only 15% to 20%, around 90% of the flowback and produced water are reused in the year 2013, mainly saved for new well drilling (Veil, 2013) . Beneficial reuse of the wastewater makes up to approximately 10% of the water needed for hydraulic fracturing job for a new well.
Flowback and produced water need to be treated before reuse or disposal. In Marcellus Shale areas, reuse for hydraulic fracturing needs oil/gas-water separation, filtration, and dilution as treatment methods. Dilution of the wastewater is aimed at decreasing contaminant concentrations to an acceptable level for hydraulic fracturing, and is the most common way to treat flowback and produced water for beneficial reuse. Disposal well injection is also in use in Marcellus, with annual volume of approximately 2.5 million bbl. (Veil, 2013) 
Barnett Shale
During its development, the Barnett Shale became a leading shale gas production field in the U.S. in 2008, when horizontal drilling techniques were first adapted and refined. By the end of September 2013, there are in total 17,332 shale gas wells in Barnett Shale, producing more than 5.3 billion cubit feet shale gas per day (RRC, 2013a, b) (Fig. 4) . (RRC, 2013b) Drilling new wells in Barnett Shale requires around 250,000 gallons of water per well, and hydraulic fracturing requires 3,800,000 gallons per well, all of which come from groundwater (Mantell, 2011) . Current fresh water availability in Barnett Shale is not a limiting factor for oil and gas production, because of the abundant surface and groundwater resources in Texas (Fig. 6) . In Barnett Shale, initial return rate of hydraulic flowback water is relatively small, gradually increases over a long period of time. Due to its formation characteristics, high volume of natural formation water exists near the shale play, which would flow into the well site becoming produced water. Flowback and produced water on Barnett Shale has relatively low TSS. TDS and chlorides, however, increase significantly over time, from 50,000 and 25,000 ppm in the beginning to 140,000 and 80,000 ppm at the end of well lifetime, respectively (Mantell, 2011) .
FIG. 4. Number of wells in

FIG. 6. Water Sources Used in the Barnett Shale for Natural Gas Development.
Source: data adopted from (Hayes, 2010) Disposal well injection is the most common choice for Barnett Shale producers, because of its economics and availability. Some producers are reusing a small amount of wastewater, but many have started considering beneficial use options. The Railroad Commission of Texas recognizes concerns over water use by the oil and gas industry and encourages recycling projects aimed at reducing the amount of fresh water used in exploration and production (RRC, 2013c). Besides, nationwide drought in the U.S. is also a driver for beneficial use, with potential water conflicts between shale plays within Texas, such as in the Eagle Ford.
Fayetteville
Fayetteville Shale is unconventional natural gas shale with a steady increase of production since 2009 (Fig. 7) . Total number of wells completed in 2010 was 3017 (AGS, 2010 , Veil, 2011 . .
FIG. 7. Number of New Wells Drilled in Fayetteville Shale from 2004 to Dec 2010
Source: data adopted from Arkansas Geological Survey, 2010 (AGS, 2010 , Veil, 2011 Water required by well drilling in Fayetteville is 60,000 to 65,000 gallons per well, and hydraulic fracturing requires 2,900,000 to 4,900,000 gallons per well. Annual water demand is estimated to be 4.1 to 5.8 billion gallons per year (Veil, 2011) . Generally, water supply should be sufficient to support the development of Fayetteville, although water restriction may exist in different areas and seasons (Veil, 2011) . There are also water storages that producers collect and store water during times of abundance, and save for drought periods (Veil, 2011) .
Flowback and produced water quality in Fayetteville shale is better than water quality from other shale plays, with TDS between 10,000 to 20,000 ppm and chlorides 10,000 ppm (Mantell, 2011) . Most of the wastewater is injected by disposal wells.
Haynesville
Haynesville Shale locates in northern Louisiana (65%) and eastern Texas (35%). By mid-2011, approximately 1820 shale gas producing wells had been drilled in Haynesville Shale. With more than 10,000 feet depth of the shale formation, drilling water demand is significantly higher than other shale plays, from 600,000 to 1,000,000 gallons per well (Nicot and Scanlon, 2012) . Hydraulic fracturing water demand is about 5,000,000 gallons per well (Mantell, 2011) .
Initial flowback water is less significant, at around 250,000 gallons per well, but with poor quality (high TDS, TSS and chlorides). Scaling tendency is also very high, with calcium approximately 8,000 ppm and magnesium approximately 500 ppm (Mantell, 2011) . Very poor flowback and produced water quality makes it very unattractive for treatment and reuse, both short and long term. Drilling mud, however, has a relative high quality and larger volume, which makes it more feasible for reuse.
Eagle Ford
Eagle Ford Shale is a relatively new shale gas-producing field in Texas, with a rapid development. Starting from 2008 when the discovery well was drilled, 1040 wells had been drilled and producing shale gas in Eagle Ford Shale by 2012 (Nicot and Scanlon, 2012) .
Drilling in Eagle Ford Shale requires 125,000 gallons of water per well, and hydraulic fracturing requires between 2,000,000 to 13,700,000 gallons per well (Arthur, 2011, Nicot and Scanlon, 2012) . Annual net water use was 100 million cubic meters in 2012.
Wastewater quality in Eagle Ford Shale is still under evaluation, but preliminary study showed the potential for beneficial use. Even though fresh water availability has not yet become a major issue, nationwide drought has already showed potential water conflicts between Eagle Ford Shale and Barnett Shale. During the 2011 drought, many operators in Eagle Ford Shale were forced to "buy water from farmers, irrigation districts and municipalities" (Wang and Krupnick, 2013) . And with the startup of Eagle Ford Shale, water shortage in Texas is very likely to occur (Wang and Krupnick, 2013) .
SUMMARY AND CONCLUSION
Shale gas is becoming an important energy source for the U.S., as predicted to grow from 23% of total energy supply in 2010 to 49% in 2035. With the rapid growth come water issues, with both fresh water uses and wastewater management. Table 2 summarizes gas production, water demand and quality, management options, and potentials for beneficial use in five major shale plays.
Common flowback and produced water management options include i) disposal well injection, ii) surface discharge, iii) commercial/municipal wastewater treatment plant, iv) beneficial reuse, such as for future hydraulic fracturing jobs. Each option requires different levels of treatment and different technologies. Regulations, economic benefits, and freshwater availability are major concerns when operators select management options.
Currently, operators in Marcellus Shale are reusing over 90% of flowback and produced water, mainly saving for future hydraulic fracturing jobs. 10% of the water for drilling new wells comes from the reused water. Shale plays in Texas, including Barnett Shale, Eagle Ford Shale and Haynesville Shale, are using disposal injection as their primary choice, mainly due to economic consideration and availability of disposal wells. Many operators, however, are considering beneficial reuse because of potential water shortage. In addition, federal, state and local agencies are or have been making regulations and policies on oil and gas wastewater management Riha, 2012, Clark et al., 2012) . Under Clean Water Act and Safe Drinking Water Act, the U.S. Environmental Protection Agency (EPA) is developing a proposed rule to control flowback and produced water management (USEPA, 2013) . Besides, state governments and agencies are also developing regulations, to better manage oil and gas operations. Regulations and policies differ significantly among states, due to different situations and water issues (Tiemann and Vann, 2013) . Flowback and produced water management is facing significant challenges, involving regulatory, economic and technical factors, such as -Both rapid development of shale gas production and nationwide droughts have challenged fresh water availability for exploration and production. Without proper management, availability of fresh water will hinder future oil and gas production due to increasing water demands for drilling and hydraulic fracturing. -Disposal options and capacities are limited. Regulated by Underground Injection Control Program via the Safe Drinking Water Act (SDWA), only eight deep-injection wells in Pennsylvania are permitted to take oil and gas waste, and only five of them are active (Philips, 2012) . Besides, earthquakes are recorded triggered by deep injection wells in Texas, New Mexico, New York, Nebraska, Colorado and Ohio, and possibly in Oklahoma, Louisiana and Mississippi (Nicholson and Wesson, 1951) . Therefore, the currently available disposal options may not be able to meet the projected shale gas growth in the future. -Cost-effective and viable technologies are in urgent needs to treat flowback and produced water with high TDS, organics, TSS and scaling tendency. Current commercially available treatment technologies are energy intensive and often cost inhibitive. Innovative technical solutions need to be developed to tackle the difficult-to-treat flowback and produced water. -It is critical to thoroughly understand and characterize the water quality of shale gas wastewater. The flowback and produced water quality is highly variable yet complex, also due to the chemicals added for drilling and hydraulic fracturing. In addition, advanced analytical methods need to be developed and standardized for accurate measurement of the contaminants in a highly saline environment, in particular organic contaminants, for which very limited information is available. -Beneficial reuse requirements need to be well understood and developed.
Potential beneficial use options such as hydraulic fracturing, irrigation, industrial uses, have the water quality requirement based on conventional water supplies. The water quality requirements may need modification to adapt to produced water and flowback water. These standards dictate the selection and design of treatment processes. -Environmental and health impact of beneficial use applications (e.g., irrigation, municipal and industrial uses) needs to be evaluated in order to reduce the liability issues and protect environment and public health.
Treatment and beneficial use of flowback and produced water is becoming a viable solution for sustainable development of shale gas resources. The challenges with respect to technologies, economics, environment, and regulations however should be addressed for beneficial use to be technically viable and economically attractive.
